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Introduction {#sec1}
============

Severe burn is a complex and severe traumatic injury with high mortality in the acute phase ([@bib2]; [@bib22]). Vascular endothelial barrier dysfunction induced by severe burn, synergism of excessive inflammation, and serious metabolic disturbance are important contributors for the development of multiple organ dysfunction, such as acute kidney injury (AKI), cardiac dysfunction, and multiple organ failure (MOF) ([@bib17]; [@bib10]). It has been demonstrated that apoptosis of vascular endothelial cells induced by severe burn is one of the main concerns responsible for vascular endothelial barrier dysfunction at the early stage ([@bib33]). Therefore, reducing vascular endothelial cells apoptosis may benefit patients with endothelial barrier disorder and multiple organ dysfunction post severe burn.

Because of its lower immunogenicity and higher proliferation rate, human umbilical cord mesenchymal stem cell (hMSC) is considered as a perfect candidate for stem cell-based therapy and regenerative medicine ([@bib25]; [@bib19]; [@bib18]). Increasing evidence has shown that hMSC can protect the endothelial barrier function and effectively treat ill surgical patients who develop multiple organ dysfunction post severe burn and traumatic brain injury (TBI) ([@bib7]; [@bib29]; [@bib27]). The beneficial effects of hMSC are partially explained by secretion of bioactive factors, such as anti-apoptotic factors, immunomodulation factors, antioxidant factors, and exosomes ([@bib44]; [@bib32]; [@bib4]). Among these bioactive factors, insulin-like growth factor (IGF-1) is an important anti-apoptotic factor that regulates cell survival ([@bib20]; [@bib31]). Bake et al. showed that IGF-1 could be beneficial to the endothelial barrier function at the earliest phase of ischemia ([@bib3]). Pati et al. suggested that bone marrow MSC preserved vascular endothelial integrity in the lungs after hemorrhagic shock ([@bib28]). Our previous study also showed that IGF-1 was one of the most important factors secreted by hMSC in eliminating apoptosis in severely burned wound ([@bib23]). However, the mechanism of IGF-1 secreted by hMSC on protecting endothelial survival and function remains unclear.

MicroRNAs (miRNAs) are 21--24 nucleotides noncoding RNAs that negatively regulate the expression of genes by binding to the 3\' untranslated regions (3′ UTRs) ([@bib48]; [@bib15]; [@bib39]). MiRNAs participate in multiple cellular processes, including differentiation and organogenesis, as well as a broad array of repair and regeneration mechanisms of MSC ([@bib11]; [@bib16]; [@bib38]). For example, miR-126 up-regulation promotes mesenchymal stem cell (MSC) secretome and ischemic angiogenesis and improves cardiac function ([@bib11]).

FOXO3a is a major downstream effector of phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in regulating endothelial cell survival and vascular endothelial function ([@bib33]; [@bib30]; [@bib21]; [@bib43]; [@bib12]; [@bib41]). Burns induce inactivation of PI3K/Akt and dephosphorylation of FOXO3a, which translocates into the nucleus and triggers apoptosis-related gene expression ([@bib45]). Several evidences have demonstrated that stem cell transplantation improves cardiac function through the Akt survival pathway in diabetic cardiomyopathy ([@bib40]). In addition, IGF-1 released from adipose stem cells protects against 6-hydroxydopamine-induced neurotoxicity/neuronal cell death via PI3K/Akt and downstream signaling pathway ([@bib37]).

Based on the published studies and our previous results, this study was designed to investigate the potential mechanism of the therapeutic effect of hMSC involved in the endothelial apoptosis and dysfunctions of endothelial barrier at early stage post severe burn.

Results {#sec2}
=======

IGF-1 Secreted from hMSC Reduces Severe Burn-Induced Apoptosis of Endothelial Cells {#sec2.1}
-----------------------------------------------------------------------------------

To investigate the role of hMSC-secreted IGF-1 on severe burn-induced apoptosis of endothelial cells, we overexpressed and knocked down IGF-1 in hMSC and assessed human umbilical vein endothelial cell (HUVEC) apoptosis in the severely burned serum culture system. Flow cytometry assay showed that transfection efficiency was comparable in Lenti-overexpress vehicle (mock), Lenti-IGF-1-overexpression (IGF-1-o), Lenti-siRNA vehicle (mock), and Lenti-IGF-1-siRNA (IGF-1-i) groups ([Figures 1](#fig1){ref-type="fig"}A and 1B ). Compared with the corresponding mock groups, the mRNA expression of IGF-1 in IGF-1-o and IGF-1-i groups was significantly increased or decreased, respectively ([Figure 1](#fig1){ref-type="fig"}C). After cultured with or without burn serum, the mRNA, protein, and secreted levels of IGF-1 in burn serum + hMSC group were remarkably higher than those in control and sham serum + hMSC groups. Consistently, the mRNA, protein, and secreted levels of IGF-1 were significantly higher and lower in IGF-1-o and IGF-1-i groups than in the corresponding mock groups, respectively ([Figures 1](#fig1){ref-type="fig"}D--1F).Figure 1Suppressive Effect of IGF-1 Secreted from hMSC on Severe Burn-Induced HUVEC Apoptosis *In Vitro*(A) Representative photographs revealed transfection efficiency with mock, IGF-1-o, mock, IGF-1-i in hMSC (magnification: 100×). Visible green fluorescence protein (GFP) expression that \>96.77% of the cells were successfully infected.(B) Transfection efficiencies of mock, IGF-1-o, mock, IGF-1-i groups were evaluated by flow cytometry assay.(C) The relative mRNA fold change of IGF-1 in hMSC after transfection with mock, IGF-1-o, mock, IGF-1-i were detected by real-time PCR.(D) The relative mRNA levels of IGF-1 in different treatment groups were detected by real-time PCR.(E) The protein expression level of IGF-1 in different treatment groups was detected by western blotting.(F) The IGF-1 level in cultural supernatant of different treatment groups was detected by ELISA assay.(G) Apoptosis rates of HUVEC in different treatment groups were detected by the flow cytometry assay. The quantitative analyses were presented in the corresponding histogram.Values are represented as mean ± SD (n = 6), ∗p \< 0.05, ∗∗p \< 0.01. The hMSC, mock, IGF-1-o, mock, or IGF-1-i was defined as untransfected, Lenti-overexpression vehicle transfected, Lenti-IGF-1-overexpression transfected, Lenti-siRNA vehicle transfected, and Lenti-IGF-1-siRNA transfected, respectively.

To investigate the paracrine effect of hMSC on severe burn-induced HUVEC apoptosis, hMSC and HUVEC were co-cultured in a trans-well co-culture system, treated with DMEM-high glucose containing 20% severely burned rat serum for 24 h. HUVEC cells were subjected to apoptosis analysis. Apoptosis was boosted in the burn serum group as compared with control and sham serum groups, whereas it was obviously reduced after co-culturing with hMSC ([Figure 1](#fig1){ref-type="fig"}G). In addition, IGF-1 overexpression further decreased apoptosis of HUVEC, whereas IGF-1 knockdown increased apoptosis compared with the corresponding mock groups.

MiR-301a-3p Down-Regulation Is Induced by Severe Burn and Acts as a Direct Regulator of IGF-1 in hMSC {#sec2.2}
-----------------------------------------------------------------------------------------------------

To identify dysregulated miRNAs induced by burn in hMSC, miRNA array analysis was performed in hMSCs, which were maintained in a co-culture system of severe burn serum and sham serum (control) for 24 h. The results showed that 31 miRNAs were downregulated and 81 were upregulated (fold change ＞2). Among them, miR-301a-3p was the top-ranked downregulated miRNA ([Figures 2](#fig2){ref-type="fig"}A and 2B). Reduction of miR-301a-3p induced by burn was also confirmed by real-time PCR assay ([Figure 2](#fig2){ref-type="fig"}C). Based on TargetScan and miRanda, we predicted that IGF-1 was a direct target for miR-301a-3p, which was highly conserved across species ([Figure 2](#fig2){ref-type="fig"}D). We therefore performed a luciferase assay to evaluate the direct interaction between miR-301a-3p and IGF-1 mRNA. The luciferase activity was inhibited when miR-301a-3p mimics were co-transfected with luciferase reporters containing the predicted binding region of the wild-type 3′ UTR of IGF-1 ([Figure 2](#fig2){ref-type="fig"}E). However, the luciferase activity remained unchanged when a plasmid with a mutated sequence was used instead ([Figure 2](#fig2){ref-type="fig"}F). These results suggest that miR-301a-3p is suppressed by burn and directly targets IGF-1.Figure 2Severe Burn-Induced Down-Regulation of miR-301a-3p Regulated Directly on IGF-1 Protein Translation in hMSC(A) Hierarchical clustering of miRNAs expressed differentially in hMSC of the control and burn groups. The scale bar at the bottom depicts standard deviation from the mean.(B) Enlarged view of miRNAs with significantly differential expression was shown.(C) The relative fold change of miR-301a-3p in hMSC of control and burn groups were detected by real-time PCR assay.(D) Bioinformatics predicted miR-301a-3p-binding sites in IGF-1. Partial sequences of miR-301a-3p and sequences of its binding sites in the 3′ UTR of IGF-1 across various species are shown.(E and F) Luciferase activity derived from a reporter containing a wide-type (E) or mutant (F) 3′ UTR of IGF-1 co-transfected with miR-301a-3p or miR-NC, respectively. All values are represented as mean ± SD (n = 3), ∗∗p \< 0.01.

The miR-301a-3p Regulating hMSC-Secreted IGF-1 Reduces Severe Burn-Induced HUVEC Apoptosis {#sec2.3}
------------------------------------------------------------------------------------------

To determine whether miR-301a-3p modulates severe burn-induced HUVEC apoptosis by regulating hMSC-secreted IGF-1, hMSCs were transfected with Lenti-mimic vehicle (mock), Lenti-miR-301a-3p mimic (miR-301a-3p-o), Lenti-miR-301a-3p mimic combined Lenti-IGF-1-overexpression (miR-301a-3p-o + IGF-1-o), Lenti-inhibitor vehicle (mock), Lenti-miR-301a-3p inhibitor (miR-301a-3p-i), and Lenti-miR-301a-3p inhibitor combined Lenti-IGF-1-siRNA (miR-301a-3p-i + IGF-1-i). The transfection efficiency was comparable among these groups ([Figures 3](#fig3){ref-type="fig"}A and 3B). MiR-301a-3p overexpression and inhibition significantly increased and decreased the expression level of miR-301a-3p, respectively ([Figure 3](#fig3){ref-type="fig"}C). MiR-301a-3p overexpression obviously repressed the protein expression and secretion of IGF-1. By contrast, downregulation of miR-301a-3p enhanced the protein and secreted abundance of IGF-1 ([Figures 3](#fig3){ref-type="fig"}E and 3F). IGF-1 knockdown and overexpression resulted in downregulation and upregulation of IGF-1, respectively ([Figures 3](#fig3){ref-type="fig"}D--3F). However, the relative IGF-1 mRNA levels in miR-301a-3p-o and miR-301a-3p-i groups exhibited no significant changes compared with the corresponding mock groups ([Figure 3](#fig3){ref-type="fig"}D). These data suggest that miR-301a-3p regulated IGF-1 at the post-transcriptional level.Figure 3miR-301a-3p Negatively Regulating hMSC-Secreted IGF-1 Reduces Severe Burn-Induced HUVEC Apoptosis *In Vitro*(A) Representative photographs demonstrated successful transfection with mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i in hMSC (magnification: 100×). Visible green fluorescence protein (GFP) expression that \>96.36% of the cells were successfully infected.(B) Transfection efficiencies of mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were evaluated by flow cytometry assay.(C) The relative expression levels of miR-301a-3p in hMSC after transfection with mock, miR-301a-3p-o, mock, and miR-301a-3p-i were detected by real-time PCR.(D) The relative IGF-1 mRNA levels in hMSC of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were detected by real-time PCR.(E) The relative IGF-1 protein expression levels in hMSC of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were detected by western blotting.(F) The IGF-1 levels in cultural supernatant of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were detected by ELISA assay.(G) Apoptosis rates of HUVEC in control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were detected by flow cytometry assay in the severely burned serum culture system. The quantitative analyses were presented in the corresponding histogram. Values are represented as mean ± SD (n = 6), ∗p \< 0.05, ∗∗p \< 0.01. Control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i were defined as untransfected, Lenti-mimics vehicle transfected, Lenti-miR-301a-3p mimics transfected, Lenti-miR-301a-3p mimics and Lenti-IGF-1-overexpress co-transfected, Lenti-inhibitors vehicle transfected, Lenti-miR-301a-3p inhibitors transfected, and Lenti-miR-301a-3p inhibitors and Lenti-IGF-1-siRNA co-transfected, respectively.

Next, the hMSC and HUVEC co-culture system was used to evaluate the effect of miR-301a-3p on HUVEC apoptosis induced by burn. Compared with the burn serum group, other groups reduced HUVEC apoptosis rates ([Figure 3](#fig3){ref-type="fig"}G). miR-301a-3p overexpression led to enhance HUVEC apoptosis, which was reversed by IGF-1 ectopic expression ([Figure 3](#fig3){ref-type="fig"}G). Oppositely, reduction of miR-301a-3p suppressed HUVEC apoptosis, which was reversed by IGF-1 inhibition ([Figure 3](#fig3){ref-type="fig"}G). Taken together, down-regulation of miR-301a-3p in hMSC reduces burn-induced HUVEC apoptosis by upregulating IGF-1 expression.

The miR-301a-3p Regulates IGF-1 Levels in Serum and Vital Organs of Severely Burned Rats {#sec2.4}
----------------------------------------------------------------------------------------

To further determine if miR-301a-3p regulates IGF-1 levels *in vivo*, severely burned rats were immediately injected with hMSC, which was co-transfected with IGF-1 and miR-301a-3p. IGF-1 levels in serum and vital organs were detected at 12, 24, and 48 h post severe burn. IGF-1 levels in serum and vital organs, such as lung, liver, kidney, and heart, were decreased in the burn group, whereas they were increased in the burn + hMSC and burn + mock groups, compared with those in the sham group (p \< 0.05). Moreover, they were markedly higher in burn + IGF-1-o and burn + miR-301a-3p-i groups and lower in burn + IGF-1-i and burn + miR-301a-3p-o groups than in the burn + mock group (p \< 0.05). They were also significantly decreased in miR-301a-3p-i + IGF-1-i groups compared with burn + miR-301a-3p-i groups and were comparable with burn + mock groups (p \< 0.05) ([Figures 4](#fig4){ref-type="fig"}A--4F). The results suggest that down-regulation of miR-301a-3p mediates IGF-1 expression and secretion in multiple organs and serum of severely burned rats.Figure 4The miR-301a-3p Regulates IGF-1 Levels in Serum and Vital Organs of Severely Burned Rats(A--E) IGF-1 levels in serum (A) and vital organs, such as lung (B), liver (C), kidney (D), and heart (E), in rats transfected with miR-301a-3p were detected by ELISA assay at 12, 24, and 48 h post severe burn, respectively. The down-regulation expression of miR-301a-3p mediated IGF-1 secretion from the transplanted hMSC in serum and vital organs, such as lung, liver, kidney, and heart, of severely burned rats.(F) The urine volume was collected and recorded at 24 h post severe burn. Values are represented as mean ± SD (n = 8). ∗p \< 0.05 and ∗∗p \< 0.01 compared with sham groups, respectively. ^@^p \< 0.05 and ^@@^p \< 0.01 compared with burn group, respectively. ^\#^p \< 0.05 and ^\#\#^p \< 0.01 compared with burn + mock group, respectively. ^&^p \< 0.05 and ^&&^p \< 0.01 compared with miR-301a-3p-i group, respectively. The mock, IGF-1-o, IGF-1-i, miR-301a-3p-o, miR-301a-3p-i or miR-301a-3p-i + IGF-1-i groups were defined as transplanted hMSC transfected with Lenti-GFP vehicle, Lenti-IGF-1-overexpress, Lenti-IGF-1-siRNA, Lenti-miR-301a-3p mimics and Lenti-miR-301a-3p inhibitors, Lenti-miR-301a-3p inhibitors combined Lenti-IGF-1-siRNA co-transfected, respectively.

MiR-301a-3p Negatively Regulating hMSC-Secreted IGF-1 Inhibits Vascular Endothelial Apoptosis in Vital Organs in Severely Burned Rats {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------------------

Based on the above results, we next investigated the effect of miR-301a-3p-mediated IGF-1 secretion from hMSC on vascular endothelial apoptosis of vital organs in severely burned rats. As shown in [Figure 5](#fig5){ref-type="fig"}A, the transplanted cells of burn + mock, burn + IGF-1-o, burn + IGF-1-i, burn + miR-301a-3p-o, burn + miR-301a-3p-i, and burn + miR-301a-3p-i + IGF-1-i groups migrated into the lung, liver, kidney, and heart, which were accumulated in the blood vessels of these vital organs at 24 h post severe burn. The vascular endothelial apoptosis of vital organs was not observed in sham groups but was significantly increased in the burn group (p \< 0.01) ([Figure 5](#fig5){ref-type="fig"}B). hMSC and IGF-1 both obviously suppressed the vascular endothelial apoptosis of vital organs (p \< 0.01) ([Figures 5](#fig5){ref-type="fig"}B and 5C). Moreover, compared with the burn + mock group, the apoptosis was further decreased in burn + IGF-1-o and burn + miR-301a-3p-i groups but was markedly increased in burn + IGF-1-i and burn + miR-301a-3p-o groups (p \< 0.05) ([Figures 5](#fig5){ref-type="fig"}B and 5C). The decreased apoptosis in burn + miR-301a-3p-i groups was reversed by IGF-1 inhibition (p \< 0.05) ([Figures 5](#fig5){ref-type="fig"}B and 5C). Collectively, IGF-1 expression directly regulated by miR-301a-3p protects vital organs from burn-induced apoptosis.Figure 5Distribution of Transplanted hMSC with IGF-1/miR-301a-3p Overexpression and Knockdown and Their Effects on Apoptosis of Vascular Endothelial Cell in Vital Organs of Rats at 24 h Post Severe Burn(A) Representative photographs showed that hMSC transfected with mock, IGF-1-o, IGF-1-i, miR-301a-3p-o, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i were mainly distributed in blood vessels of lung, liver, kidney, and heart tissues in rats at 24 h post severe burn.(B) MiR-301a-3p negatively regulating hMSC-secreted IGF-1 reduced vascular endothelial apoptosis of vital organs, such as lung, liver, kidney, and heart, in severely burned rats at 24 h post injury.(C) Quantitative analysis of apoptosis rate is shown in the corresponding histogram. Values are represented as mean ± SD (n = 8). ∗p \< 0.05 and ∗∗p \< 0.01 compared with sham group, respectively. ^@^p \< 0.05 and ^@@^p \< 0.01 compared with burn group, respectively. ^\#^p \< 0.05 and ^\#\#^p \< 0.01 compared with burn + mock group, respectively. ^&^p \< 0.05 and ^&&^p \< 0.01 compared with miR-301a-3p-i group, respectively.

MiR-301a-3p Regulating hMSC-Secreted IGF-1 Reduces Vascular Permeability of Vital Organs in Severely Burned Rats {#sec2.6}
----------------------------------------------------------------------------------------------------------------

Then we evaluated the therapeutic effect of miR-301a-3p-mediated IGF-1 secretion from hMSC on vascular permeability of vital organs, including lung, liver, kidney, and heart in rats at 12, 24, and 48 h post severe burn by detecting water content ratio and Evans Blue (EB) content. The water content ratios and the EB content of lung, liver, kidney, and heart were increased in the burn group but were decreased in the burn + hMSC group compared with the sham group (p \< 0.05). IGF-1 up-regulation and miR-301a-3p down-regulation suppressed the water content ratio and the EB content. Opposite results were observed in IGF-1 inhibition and miR-301a-3p overexpression groups (p \< 0.05). IGF-1 down-regulation enhanced the inhibition effect of miR-301a-3p inhibitors on water content ratio and the EB content ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}).Table 1Water Content Ratio of Vital Organs (mean ± SD, %, n = 8)GroupsParameterLungLiverKidneyHeart12 h24 h48 h12 h24 h48 h12 h24 h48 h12h24 h48 hSham63.15 ± 1.5464.46 ± 0.7763.94 ± 1.6870.01 ± 1.5471.16 ± 1.3470.74 ± 1.3878.48 ± 1.0277.25 ± 2.7478.58 ± 1.2060.85 ± 1.3961.18 ± 0.9660.98 ± 1.02Burn90.19 ± 1.39\
∗∗96.57 ± 2.08\
∗∗85.92 ± 1.14\
∗∗92.07 ± 0.62\
∗∗97.24 ± 1.51\
∗∗86.02 ± 2.03\
∗∗85.19 ± 0.98∗∗90.58 ± 1.63\
∗∗82.72 ± 2.6981.46 ± 1.64\
∗∗85.36 ± 2.16∗∗76.45 ± 1.11\
∗∗Burn + hMSC76.24 ± 0.88\
@\@80.3 ± 1.15\
@\@73.09 ± 1.20\
@\@82.95 ± 1.03\
@\@84.87 ± 1.29\
@\@78.81 ± 1.38\
@\@80.19 ± 0.71\
@\@83.44 ± 0.95\
@\@78.72 ± 1. 9070.05 ± 1.12\
@\@74.80 ± 1.09@\@68.38 ± 1.06\
@\@Burn + mock76.97 ± 0.51\
@\@81 .24 ± 1.04\
@\@74.71 ± 2.45\
@\@83.39 ± 0.88\
@\@85.95 ± 0.97\
@\@78.15 ± 1.20\
@\@80.50 ± 1.13\
@\@83.73 ± 0.78\
@\@78.53 ± 1.4770.96 ± 0.63\
@\@74.99 ± 0.54\
@\@68.85 ± 0.71\
@\@Burn + IGF-o68.24 ± 1.49\
\#\#72.36 ± 1.81\
\#67.07 ± 1.07\
\#\#76.15 ± 1.03\
\#\#78.01 ± 1.06\
\#\#74.09 ± 0.74\
\#78.12 ± 0.8579.51 ± 0.96\
\#78.37 ± 0.9665.49 ± 0.41\
\#67.66 ± 0.90\
\#\#64.12 ± 0.55\
\#Burn + IGF-i86.03 ± 0.76\
\#\#91.97 ± 0.74\
\#\#81.99 ± 0.88\
\#\#89.05 ± 0.56\
\#\#93.00 ± 1.35\
\#\#83.98 ± 0.97\
\#83.22 ± 0.7888.73 ± 0.54\
\#81.93 ± 1.5078.90 ± 0.84\
\#\#82.82 ± 0.45\
\#\#73.07 ± 1.44\
\#Burn + miR-301a-3p-o84.12 ± 0.85\
\#\#88.86 ± 1.31\
\#\#79. 24 ± 0.92\
\#87.29 ± 1.04\
\#91.81 ± 0.77\
\#\#82.57 ± 2.1682.86 ± 0.4987.24 ± 1.06\
\#80.64 ± 3.3577.13 ± 0.72\
\#\#80.79 ± 0.58\
\#\#72.88 ± 1.57Burn + miR-301a-3p-i70.28 ± 0.83\
\#74.27 ± 0.59\
\#\#69.33 ± 1.20\
\#77.48 ± 0.90\
\#\#80.35 ± 0.59\
\#75.64 ± 1.1179.46 ± 0.8180.02 ± 0.49\
\#79.11 ± 0.7266.98 ± 0.55\
\#69.04 ± 0.86\
\#\#65.03 ± 0.98\
\#miR-301a3p-i\
+IGF-1-i75.52 ± 1.12\
&79.91 ± 0.84\
&72.94 ± 1.05\
&81.93 ± 0.74\
&84.36 ± 0.78\
&77.83 ± 1.0081.3 ± 0.9283.08 ± 0.72\
&79.48 ± 0.8269.77 ± 0.79\
&72.85 ± 0.92\
&67.14 ± 0.56[^4]Table 2Evans Blue Content in Supernatant of Vital Organs (mean ± SD, μg/mL, n = 8)GroupsParameterLungLiverKidneyHeart12 h24 h48 h12 h24 h48 h12 h24 h48 h12 h24 h48 hSham10.87 ± 0.9311.26 ± 0.8210.95 ± 1.1611.81 ± 0.6611.23 ± 0.2210.93 ± 0.5010.52 ± 0.8110.11 ± 0.2610.00 ± 0.7914.14 ± 0.8514.18 ± 1.0213.78 ± 1.01Burn56.55 ± 2.80\
∗∗62.18 ± 3.33\
∗∗40.74 ± 0.95\
∗∗32.63 ± 0.58\
∗∗40.60 ± 0.35\
∗∗25.92 ± 1.09\
∗∗23.48 ± 1.05\
∗∗35.56 ± 1.04\
∗∗18.61 ± 0.83\
∗∗27.81 ± 1.00\
∗∗38.23 ± 2.05\
∗∗20.92 ± 0.56\
∗Burn + hMSC28.96 ± 0.92\
@\@37.69 ± 1.85\
@\@21.80 ± 1.09\
@\@19.90 ± 0.73\
@\@23.77 ± 0.94\
@\@16.48 ± 1.20\
@\@16.01 ± 0.48\
@\@21.79 ± 1.04\
@\@13.50 ± 0.62\
\@18.52 ± 1.13\
@\@22.70 ±1.10@\@15.54 ± 1.02\
\@Burn + mock29.03 ± 1.01\
@\@38.51 ± 2.49\
@\@22.93 ± 0.61\
@\@20.36 ± 0.85\
@\@24.05 ± 0.68\
@\@16.96 ± 0.85\
@\@16.24 ± 0.77\
@\@22.33 ± 0.50\
@\@13.92 ± 1.14\@19.04 ± 0.95\
@\@23.08 ± 0.94\
@\@15.69 ± 0.95\
\@Burn + IGF-o19.85 ± 1.35\
\#\#23.06 ± 1.70\
\#\#14.44 ± 0.70\
\#\#13.93 ± 0.57\
\#\#15.46 ± 0.41\
\#\#12.65 ± 0.76\
\#12.71 ± 0.54\
\#15.54 ± 0.89\
\#10.87 ± 1.03\
\#14.60 ± 0.47\
\#16.52 ± 0.78\
\#\#14.05 ± 1.19Burn + IGF-i47.96 ± 2.96\
\#\#55.58 ± 1.36\
\#\#35.59 ± 0.88\
\#\#27.80 ± 0.72\
\#\#35.79 ± 0.90\
\#\#21.80 ± 0.88\
\#20.76 ± 0.32\
\#31.73 ± 0.92\
\#\#16.35 ± 1.5025.01 ± 0.92\
\#35.05 ± 0.60\
\#\#19.04 ± 0.87\
\#Burn + miR-301a-3p-o45.78 ± 1.04\
\#\#52.70 ± 1.81\
\#\#33. 37 ± 1..04\
\#\#25.94 ± 1.19\
\#32.81 ± 1.42\
\#\#20.97 ± 1.30\
\#19.81 ± 0.20\
\#29.11 ± 0.18\
\#15.89 ± 0.7723.99 ± 0.73\
\#33.73 ± 1.39\
\#\#18.97 ± 1.03\
\#Burn + miR-301a-3p-i22.06 ± 0.67\
\#\#25.93 ± 0.62\
\#\#16.80 ± 0.65\
\#\#15.20 ± 0.71\
\#17.18 ± 0.85\
\#\#13.08 ± 1.12\
\#13.29 ± 1.4017.02 ± 0.75\
\#11.43 ± 0.9915.50 ± 1.09\
\#17.42 ± 0.71\
\#\#15.12 ± 0.91miR-301a3p-i\
+IGF-1-i26.55 ± 1.14\
&33.79 ± 1.26\
&&19.82 ± 0.70\
&18.71 ± 1.08\
&21.89 ± 1.21\
&15.24 ± 0.9314.89 ± 0.5020.14 ± 0.37\
&13.79 ± 0.5117.38 ± 1.2521.35 ± 1.12\
&16.33 ± 1.79[^5]

MiR-301a-3p Negative Regulating hMSC-Secreted IGF-1 Improves the Function Parameters of Vital Organs in Severely Burned Rats {#sec2.7}
----------------------------------------------------------------------------------------------------------------------------

We also evaluated the therapeutic effects of miR-301a-3p-mediated IGF-1 secretion from hMSC on function parameters of lung, liver, kidney, and heart in rats at 24 h post severe burn. Lung function was determined by examining the parameters of inspiratory resistance (Ri), expiratory resistance (Re), compliance (Cl), peak expiratory flow (PEF), and maximal voluntary ventilation (MVV). Liver function was checked by measuring Alanine Transaminase (ALT) and Aspartate Transaminase (AST). Kidney function was determined by detecting urine volume, creatinine (Crea), and Urea. Heart function was determined by measuring Troponin, Creatine Kinase (CK), MB isoform of CK (CK-MB), and Lactate Dehydrogenase (LDH) and a-hydroxybutyrate Dehydrogenase (HBDH). We showed that the multiple organ functions were deteriorated the in the burn group but significantly improved in the burn + hMSC group compared with the sham group (p \< 0.05). Compared with the burn + mock group, they were greatly improved in burn + IGF-1-o and burn + miR-301a-3p-i groups and markedly deteriorated in burn + IGF-1-i and burn + miR-301a-3p-o groups (p \< 0.05). Moreover, compared with the burn + miR-301a-3p-i group, these parameters were worsened again in the miR-301a-3p-i + IGF-1-i group, and close to burn + mock group ([Table 3](#tbl3){ref-type="table"}) (p \< 0.05). Taken together, these data comprehensively confirmed the therapeutic effects of miR-301a-3p-mediated IGF-1 secretion on vascular endothelial apoptosis, vascular permeability, and function parameters of vital organs, such as lung, liver, kidney, and heart in rats at very early stages post severe burn.Table 3Function Parameters of Vital Organs (mean ± SD, n = 8)GroupsParameterLung FunctionLiver FunctionKidney FunctionHeart FunctionInspiratory Resistance (Ri, cm H~2~O/mL.s)Expiratory Resistance (Re, cm H~2~O/mL.s)Compliance (Cl, mL/cm H~2~O)The Peak Expiratory Flow (PEF, mL/min)Maximal Voluntary Ventilation (MVV, mL)ALT (U/L)AST (U/L)Urea (mmol/L)Crea (mmol/L)Troponin (pg/mL)CK (U/L)CK-MB (U/L)LDH (U/L)HBDH (U/L)Sham1.80 ± 0.091.37 ± 0.050.28 ± 0.0238.09 ± 1.67194.46 ± 3.2739.51 ± 3.73133.49 ± 32.184.55 ± 0.6416.5 ± 0.71210.24 ± 11.571,439.5 ± 140.121,520.5 ± 186.341,402 ± 138.63469.50 ± 60.93Burn5.45 ± 0.13\
∗∗4.48 ± 0.09\
∗∗0.11 ± 0.03\
∗20.24 ± 2.04\
∗∗121.07 ± 2.38\
∗∗210.33 ± 8.57\
∗∗892.41 ± 56.33\
∗∗13.63 ± 0.71\
∗∗27.48 ± 0.63\
∗∗320.78 ± 15.35\
∗∗5,741.26 ± 137.51\
∗∗3,620.97 ± 91.29\
∗∗3,431.17 ± 165.74\
∗∗1,183.82 ± 166.27\
∗∗Burn + hMSC3.31 ± 0.40\
@\@2.70 ± 0.38\
@\@0.20 ± 0.02\
\@31.72 ± 1.15\
@\@163.96 ± 1.85\
@\@113.10 ± 4.18\
@\@542.39 ± 20.05\
@\@8.59 ± 0.50\
@\@22.18 ± 0.77\
\@259.39 ± 8.70\
@\@2,952.80 ± 73.15\
@\@2,490.38 ± 56.64\
@\@2,172.86 ± 72.10\
@\@721.95 ± 38.17\
@\@Burn + mock3.54 ± 0.18\
@\@2.99 ± 0.17\
@\@0.20 ± 0.0431.38 ± 0.93\
@\@163..81 ± 2.04\
@\@114.67 ± 9.36\
@\@544.85 ± 34.41\
@\@8.76 ± 0.88\
@\@22.96 ± 0.49\
\@261.46 ± 9.98\
@\@2,967.96 ± 62.97\
@\@2,518.10 ± 90.01\
@\@2,221.33 ± 85.71\
@\@742.92 ± 41.24\
@\@Burn + IGF-o2.19 ± 0.17\
\#1.84 ± 0.56\
\#0.26 ± 0.0236.49 ± 0.68\
\#182.75 ± 3.66\
\#\#68.72 ± 6.35\
\#\#357.33 ± 28.80\
\#\#5.94 ± 0.27\
\#\#18.01 ± 0.36\
\#229.32 ± 10.27\
\#2054.76 ± 90.29\
\#\#1903.48 ± 103.4\
\#\#1,696.57 ± 68.84\
\#\#585.71 ± 18.48\
\#\#Burn + IGF-i4.73 ± 0.20\
\#\#4.17 ± 0.38\
\#\#0.13 ± 0.0523.57 ± 0.51\
\#132.07 ± 2.03\
\#\#187.27 ± 9.59\
\#\#825.48 ± 36.10\
\#\#11.09 ± 0.45\
\#25.51 ± 0.14\
\#294.21 ± 13.52\
\#4,562.19 ± 115.26\
\#\#3,360.51 ± 57.32\
\#\#3,074.95 ± 109.12\
\#\#1,003.92 ± 42.77\
\#\#Burn + miR-301a-3p-o4.28 ± 0.11\
\#\#3.86 ± 0.20\
\#\#0.14 ± 0.0324.49 ± 1.25\
\#136.71 ± 3.12\
\#\#178.68 ± 7.44\
\#\#784.52 ± 20.45\
\#\#10.54 ± 0.62\
\#24.82 ± 0.53\
\#289.65 ± 3.26\
\#4,357.34 ± 197.05\
\#\#3,283.94 ± 45.15\
\#\#2,918.33 ± 70.31\
\#\#984 ± 25.91\
\#\#Burn + miR-301a-3p-i2.55 ± 0.16\
\#2.05 ± 0.23\
\#0.25 ± 0.0435.72 ± 1.03179.96 ± 1.94\
\#\#75.35 ± 3.82\
\#\#371.19 ± 26.71\
\#\#6.34 ± 0.19\
\#\#19.15 ± 0.79\
\#234.05 ± 9.51\
\#2,211.38 ± 79.67\
\#\#2075.37 ± 42.71\
\#\#1743.22 ± 91.29\
\#\#610.11 ± 20.10\
\#\#miR-301a3p-i\
+IGF-1-i3.09 ± 0.25\
&2.52 ± 0.24\
&0.22 ± 0.0332.02 ± 1.09167.24 ± 1.51\
&100.72 ± 13.59\
&&481.48 ± 29.28\
&&7.94 ± 0.52\
&21.95 ± 0.54\
&250.29 ± 4.03\
&2,708.84 ± 35.44\
&&2,326.95 ± 76.74\
&2075.02 ± 79.63\
&&697.73 ± 26.38\
&[^6]

MiR-301a-3p Negatively Regulates hMSC-Secreted IGF-1 to Activate PI3K/Akt/FOXO3 Signal in Endothelial Cells {#sec2.8}
-----------------------------------------------------------------------------------------------------------

To elucidate the potential mechanism, we examined PI3K/Akt signaling using western blotting. The phosphorylation of PI3K, AKT, and Foxo3a was normalized to their protein expression. Cleaved caspase 3 was normalized to caspase 3. Compared with control and sham serum groups, the p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/FOXO3a were decreased in the burn serum group but increased in IGF-1treated groups in a dose-dependent manner ([Figure 6](#fig6){ref-type="fig"}A) (p \< 0.05). In addition, the p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/FOXO3a of the burn serum group were lower than in the sham serum group, and those of the burn + mock group were markedly higher than in the burn group, but markedly lower than in the sham serum group (p \< 0.05). They were remarkably increased in burn + IGF-1-o and burn + miR-301a-3p-i groups, but obviously decreased in burn + IGF-1-i and burn + miR-301a-3p-o groups compared with burn + mock group (p \< 0.05). Moreover, IGF-1 inhibition suppressed the expression of p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/FOXO3a ([Figure 6](#fig6){ref-type="fig"}B) (p \< 0.05). By contrast, the ratio of cleaved Caspase 3 to Caspase 3 showed opposite change tendency relative to p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/FOXO3a ([Figures 6](#fig6){ref-type="fig"}A and 6B). The data confirmed that miR-301a-3p regulation of hMSC-secreted IGF-1 activated PI3K/Akt/FOXO3a signal of vascular endothelial cells in severe burn microenvironment *in vitro.*Figure 6Effects of IGF-1 and hMSC Transfected with IGF-1/miR-301a-3p Overexpression and Knockdown on PI3K/Akt/FOXO3a Signaling of Endothelial Cells in Severely Burned Serum Culture System(A) Severe burn impaired activation of PI3K/Akt and its downstream effector FOXO3a, and IGF-1 activated PI3K/Akt/FOXO3a in a dose-dependent manner. The quantitative analysis was reported in the corresponding histogram.(B) MiR-301a-3p negatively regulated hMSC-secreted IGF-1 inhibited PI3K/Akt/FOXO3a signaling of endothelial cells in the severely burned serum culture system; three samples in each group were applied for analysis. The quantitative analysis was reported in the corresponding histogram.

Discussion {#sec3}
==========

Burn is a common form of traumatic injury with high mortality and morbidity. The vascular endothelium injury leading to vascular endothelial barrier dysfunction, which is essential for the initiation of shock at the early stage and progression of multiple organ dysfunction at the advanced stage. Recently, the therapeutic effects of hMSC have been demonstrated on some severe traumas and serious injuries through stabilizing endothelial barrier function ([@bib35]; [@bib5]; [@bib9]; [@bib36]; [@bib42]; [@bib26]). We previously found that hMSC alleviated cells apoptosis of wound and organ tissues post severe burn by secreting bioactive factors ([@bib22]; [@bib3]). In this study, we found that hMSC significantly reduced severe burn-induced vascular endothelial apoptosis, protected against endothelial barrier disorder and multiple organ dysfunction by secreting IGF-1. Severe burn-induced down-regulation of miR-301a-3p directly increased IGF-1 synthesis and secretion in hMSC, hence reducing vascular endothelial apoptosis and protecting against dysfunction of endothelial barrier and multiple organs. We also demonstrated that miR-301a-3p negatively regulated hMSC-secreted IGF-1 to activate PI3K/Akt/FOXO3 signaling in endothelial cells. Overall, we clarified the potential mechanism of hMSC on the endothelial apoptosis and dysfunctions of endothelial barrier at early stage post severe burn.

As a key mitogenic and anti-apoptosis factor, IGF-1 exhibits pro-survival and repairing effect on endothelial barrier, which is susceptible to ectopic expression and dysfunction induced by excessive inflammation, serious metabolic disturbance, and other systematic disorders after severe burn or trauma ([@bib1]; [@bib3]; [@bib6]). Our precious study showed that IGF-1 was a pivotal bioactive factor secreted by hMSC in alleviating cell apoptosis after severe burn ([@bib23]). Here we demonstrated that IGF-1 secreted by hMSC displayed a strong anti-apoptotic activity and therapeutic effects. IGF-1 reduced severe burn-induced vascular endothelial apoptosis, protected against endothelial barrier disorder, and multiple organ dysfunction *in vitro* and *in vivo*. It has been shown that bone marrow-derived MSC has beneficial effects on tubular cell repair in acute kidney injury by producing IGF-1 ([@bib13]). In rats with myocardial infarction, human cardiac stem cells with IGF-1 overexpression enhanced myocardial repair by improving the long-term survival of transplanted cells and the surrounding myocardium ([@bib14]). Therefore, based on this, IGF-1 secreted by the transplanted hMSC not only protects against apoptosis of the vascular endothelial and dysfunction of endothelial barrier but also exerts a self-protection function in the organic microenvironment post severe burn.

Increasing evidences have reported that MSC exerts their beneficial influences on repair and regeneration of injured organs through miRNA-mediated bioactive factors production and secretion ([@bib16]; [@bib38]). We herein attempted to profile the microRNAs induced by burn to regulate hMSC-secreted IGF-1. We found that severe burn induced the down-regulation of miR-301a-3p. IGF-1 was a direct target for miR-301a-3p. In fact, miR-301a-3p negatively regulated IGF-1 protein translation and secretion in hMSC. Inhibition of miR-301a-3p in hMSC reduced the apoptosis of HUVECs *in vitro* as well as the apoptosis of vascular endothelial cells *in vivo*, thereby promoting the endothelial barrier permeability of lung, liver, kidney, and heart and eventually improving the function parameters of these organs in severely burned rats. Therefore, this study provided strong evidences supporting that miR-301a-3p directly regulated the production of IGF-1 from hMSC, which functions as a key upstream repair mechanism of hMSC\'s therapeutic effect on stabilizing endothelial barrier function. Antagonizing miR-301a-3p is a promising strategy to enhance IGF-1 release, which may be a helpful therapy for dysfunction of endothelial barrier and multiple organs. Meanwhile, our team profiled the dysregulated miRNAs after severe burn and its relationship with the biological characteristics of hMSC, which could augment the opportunities to safely pursue better therapeutic modalities during MSC-based therapy in severely burned patients who develop multiple organ dysfunction, even failure.

Finally, we clarified the anti-apoptosis mechanism of IGF-1 secreted by hMSC, which is the downstream signaling of hMSC on protecting against vascular endothelial apoptosis and endothelial barrier dysfunction. PI3K/Akt/FoxO3a signaling participates in regulating cell survival after severe burns. We also showed that severe burn impaired PI3K/Akt activation and increased total FOXO3a protein and cleaved caspase 3 levels, subsequently resulting in apoptosis of vascular endothelial cells. IGF-1 activated PI3K/Akt signaling, increased p-FOXO3a/FOXO3a level, and decreased cleaved Caspase 3/Caspase 3 level. Furthermore, we found that hMSC with IGF-1 overexpression and miR-301a-3p inhibitors remarkably increased PI3K and Akt phosphorylation and the ratio of p-FOXO3a to FOXO3a and decreased the ratio of cleaved Caspase 3 to Caspase 3. On the contrary, hMSC with IGF-1 siRNA and miR-301a-3p mimics could remarkably decrease PI3K and Akt phosphorylation and the ratio of p-FOXO3a/FOXO3a and increase the ratio of cleaved Caspase 3 to Caspase 3. These data confirmed miR-301a-3p negatively regulating hMSC-secreted IGF-1 reduced severe burn-induced vascular endothelial apoptosis via activating PI3K/Akt/FOXO3a signaling. And studies showed that phosphorylation of FOXOs by Akt inhibited transcriptional functions of FOXOs and contributed to cell survival, growth, and proliferation, thereby protecting against injured tissue or organ function ([@bib46], [@bib47]; [@bib34]). In addition, FOXO3 was also considered an evolutionarily conserved longevity factor, and FOXO3-activated vascular cells exhibited delayed aging and increased resistance to injury, even FOXO3-enhanced vascular cells could promote vascular regeneration in a mouse model of ischemic injury ([@bib8]; [@bib24]; [@bib41]).

Conclusion {#sec3.1}
----------

In summary, these comprehensive data suggested that down-regulation of miR-301a-3p directly regulated hMSC-secreted IGF-1 to reduce severe burn-induced vascular endothelial apoptosis and protected against dysfunction of endothelial barrier and multiple organs via activating PI3K/Akt/FOXO3a signaling. Moreover, our results not only confirmed the potential mechanism involved in the therapeutic effect of hMSC on the endothelial apoptosis and dysfunctions of endothelial barrier at the early stage post severe burn but also might provide the theoretical foundation for further clinical applications of hMSC application into burn areas.

Limitations of the Study {#sec3.2}
------------------------

Our study demonstrated the functional role of miR-301a-3p that directly regulated hMSC-secreted IGF-1 to protect against dysfunction of multiple organs *in vivo* and *in vitro*. Although we found the therapeutic effect of hMSC through downregulation of miR-301a-3p expression, the precise role of PI3K/Akt/FOXO3a signaling in mediating the therapeutic effect of hMSC needs further study.
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